Introduction
Oxcarbazepine (OXC) is a second generation antiepileptic drug (AED) whose chemical structure resembles carbamazepine but has a different metabolism. OXC is rapidly reduced to 10, 11-dihiydro-10-hydroxy-carbamazepine (monohydroxy derivative, MHD), the clinically relevant metabolite of OXC (Kalis & Huff, 2001) . OXC is used for the treatment of partial seizures as a monotherapy or as an adjunctive therapy in adults and children aged 4 to 16 years. OXC Is also sometimes used to treat acute mania in adults, as well as bipolar disorder, a disease that causes episodes of depression, episodes of frenzied, abnormal excitement, and neuropathic pain (Landmark, 2007, Tidwell & Swims; . The mechanism of action for OXC is not completely understood. Electrophysiological studies suggest that the presence of the active MHD metabolite results in the blockage of voltage-sensitive sodium channels, possibly through the modulation of high-voltage calcium channels and an increase in K + channel conductance (Mclean et al., 1994) . The ability of OXC and MHD to limit repetitive high-frequency firing of sodiumdependent action potentials on neurons can contribute to inhibition of the spread of seizure activity from a focal point (Kalis & Huff; 2001, Landmark; 2007) . On the other hand, Clinckers (2005) showed that hippocampal DA and 5-HT levels are critically involved in the anticonvulsant activity of OXC. These anticonvulsant effects were restricted to a well-defined anticonvulsant concentration range and were proven to be mediated by D 2 and 5-HT 1A receptor stimulation (Clinckers et al., 2004) . The lack of effect after systemic administration might originate from pharmacodynamic interactions with other brain areas suppressing increases in hippocampal monoamines. The neurobiological relationships between epilepsy and sleep are receiving increased experimental attention. A key role for limbic monoamines in epilepsy has been established, and recently some studies showed the importance of hippocampal monoamines in limbic seizure control (Wójtowicz, et al. 2009 ). Epileptic phenomena may provoke sleep modifications, such as those that have been observed in idiopathic generalized epilepsies, in partial epilepsy with or without seizures, and in secondarily generalized seizures, as well as in animal models of temporal lobe 304 epilepsy that is induced by kainic acid (KA) (Ben-Ari, 1985; Sperk, 1994) . Because seizures that are induced by systemic administration of KA arise in the limbic system and remain largely confined therein, they may serve as a model for complex partial seizures in humans. One of the uses of such a model would be as a test system for analyzing the effects of limbic seizures on sleep pattern organization. However, after kainic acid (KA) administration, animals currently display a complex pattern of behavior known as "head and body shakes", which has been related to the serotoninergic system. Serotonin (5-HT) plays an important role in the central nervous system by controlling posture and movements, as well as behavior (Ben-Ari, et al. 1981; Osorio-Rico, 2003) . The normothymic effects of OXC may be related to its impact on neurotransmitter systems because the GABA-ergic, serotoninergic and dopaminergic systems are all related to sleep functions (Ben-Ari, et al. 1981) . OXC may also exert effects on the brain's neurotransmitter systems and on structures related to the sleep cycle at both the cellular and molecular levels. Therefore, the aim of this work was to analyze the effects of OXC on sleep patterns, "head and body shakes", and the participation of 5-HT and DA in the hippocampus in a model of kainic-induced seizures.
Materials and methods

Animals
Sixty male Wistar rats weighing 280-300 g were used. They were fed with a standard chow diet (Purina, México City) and drank water ad libitum. Animals were maintained under controlled conditions, with a temperature of 25°C, a relative humidity of 40% and a 12 h:12h light-dark cycle, with lights on at 08:00 h. The rats were separated into acrylic box cages, with five animals per cage, until they were treated with each experimental condition. All experimental protocols were approved by the Research Committee of the National Institute of Rehabilitation, SSA México. The rats were treated according to the Guide for the Care and Use of Experimental Animals (Olfert et al. 1993 ).
Surgeries
To perform sleep recordings, animals were implanted with electrodes. To this end, animals were anesthetized with sodium pentobarbital (40 mg/kg i.p.) and mounted in a stereotaxic frame (David Kopff Instruments, Munich, Germany). The rats were implanted with bipolar stainless steel electrodes (Bore 0.010 in., Coated 0.013 in., A-M Systems, Inc., Carlsborg, WA) in the right sensorimotor cortex (2 mm length) for electroencephalographic recording (EEG) and in the neck muscles (50 mm length) for electromyographic recording (EMG). A screw was implanted on the skull to serve as a reference. Electrodes were then soldered to miniconnectors and secured to the skull with dental acrylic. After seven days of postoperative recovery, the rats were placed in a soundproofed recording cage and given free access to food and water under controlled light-dark conditions (08:00-20:00 h light, 20:00-08:00 h dark) without any movement restrictions. 7 days after the surgery, a basal polysomnographic study for 10 h (8:00-18:00 h) was performed and later used as a control. Subsequently, rats were allocated to one of three experimental groups: the KA group (n=10), which was administered KA (10 mg/kg, i.p.); the Oxcarbazepine group (n=10), which was administered OXC (50 mg/kg, i.p, www.intechopen.com Monoamines and Sleep: Effects of Oxcarbazepine 305 dissolved in ethanol (5%) and carboxymethylcellulose ); and the OXC+KA group (n=10), which was administered KA 30 minutes after OXC-treatment. A new session of polygraphic recordings were performed for 10 h over 3 days. The rats were then returned to the animal facility, where the veterinarians would care for them.
Behavioral assessment
Three additional groups of rats that were administered either saline solution (n=7), KA (n=11) or OXC+KA (n=12) were used to assess the frequency of head and body shakes in each condition. There was no need for an OXC group since it is widely known that this substance does not elicit seizures. Head and body shakes were visually recorded for a total period of two hours (8:30-12:30 h) by an observer who was unaware of the drug treatment, according to the protocol of Altagracia et al. (1994) .
Analysis of serotonin (5-HT), 5-hydroxy-indol-acetic acid (5-HIAA), dopamine (DA), noradrenaline (NA) and Homovanilic acid (HVA)
The levels of serotonin and its metabolite were studied, because KA induces seizures that are promoted by elevated levels of serotonin. It was found that pretreatment with OXC increased the levels of serotonin and its metabolite in the brain, which was consistent with the finding that OXC reduced the frequency of head and body shakes. After 4 hours of behavioral assessment, rats from all three groups were sacrificed by decapitation. The hippocampus was dissected out according to the techniques of Glowinski and Iversen (Glowinski & Iversen 1996) . The tissues were immediately placed into Teflon tubes that were kept on ice, sonicated in 0.4 N of percloric acid with 0.1% (w/v) of sodium metabisulfite followed by 10 min of centrifugation at 15,000 rpm at 4°C. The supernatants were kept frozen at 70°C until chromatographic analysis. The contents of 5-HT, its metabolite 5-HIAA, and catecholamines (DA, NA and HVA), were analyzed by highperformance liquid chromatography (HPLC) with an electrochemical detector according to the protocol of Alfaro-Rodríguez et al. (2006) . A Perkin-Elmer LC-250 liquid chromatograph with a metrohm electrochemical detector was used. Calibration curves for monoamines were constructed using known concentrations of standards prepared in percloric metabisulfite solution that were injected into the 20 µl loop of chromatograph. Peaks were integrated with the Perkin Elmer LC 1020 program. The concentration of indolamine in the samples was obtained by interpolation of their respective standard curves. We used an Alltech adsorbosphere catecholamine 3U analytical column (particle size= 3 µm). The mobile phase consisted of an aqueous phosphate buffer solution (0.1 M, pH 3.2) that contained 0.2 mM sodium octyl sulfate, 0.1mM of EDTA and 14% v/v methanol. The flow rate was 1.2 ml/min, and the potential was fixed at 0.80 V against an Ag/AgCl reference electrode.
Analysis of sleep and statistical analysis of results
Each of the printed polygraphic recordings was analyzed visually, according to AlfaroRodríguez and Gonzalez-Pina (2005) . Briefly, they were classified as follows: Wakefulness (W), which was characterized by the desynchronization of the EEG and the presence of muscle tone (EMG) that was accentuated during movements; Slow Wave Sleep (SWS), which was characterized by the presence of sleep spindles, slow waves with voltage higher than 75 µV, and a decrease in EMG voltage; and Paradoxical Sleep (PS), which was characterized by the desynchronization of the EEG and an absence of EMG voltage. Mean duration values (mean ± S.E.M.) of each EEG state were statistically compared by a one-way analysis of variance (ANOVA), and subsequent comparisons within groups were performed using a Tukey test, with p≤ 0.01. Results from the counting of the head and body shakes were analyzed by ANOVA followed by Dunnett's test. Values of P<0.01 were considered to be significant. Monoamine concentration and metabolite/neurotransmitter rate values were analyzed statistically by ANOVA, and subsequent comparison within groups were carried out by a Tukey test. Table 1 shows the results that were obtained from the sleep recordings. A single dose of KA (10 mg/kg) affected the organization of the sleep patterns. Kainic acid induced animals to stay awake for the whole initial 10 hours of electroencephalographic recording. During the follow-up on the next day, the W increased its total duration, and therefore, the SWS and PS decreased their respective total durations. The mean duration of the SWS and PS did not show any significant changes. On the second day, all parameters returned to control levels, suggesting that the rats did recovered from the effects of KA on the sleep-wake cycle 48hrs after treatment.
Results
Effects of kainic acid on sleep
Effect of oxcarbazepine on sleep
OXC had a strong and immediate effect on the sleep-wake cycle. On the treatment day, the animals in the OXC group increased their sleep behavior throughout the recording period, remaining in sleep posture most of the time, only moving to eat or drink. OXC induced a significant decrease in W (21.5%), with a concomitant increase in total sleep time (SWS: 12.56% and PS: 28.7%). The sleep-wake cycle returned to their control values by day 1, and remained unchanged on day 2 (table 1).
Effect of oxcarbazepine + kainic acid on sleep
The animals treated with OXC 30 min before KA injection showed significant changes in almost all the sleep-wake parameters that were measured. The latency of SWS increased to 289.98 min (p<0.001) and that of PS to 304.45 min (p<0.01). There was also a significant increase in total time of W (p<0.05). However, these changes were much less dramatic than those observed under treatment with kainic acid alone. The present results suggested that there was an anticonvulsive effect of OXC on the KA-induced changes in the sleep patterns and a protective activity on seizures. During the following days of recordings, the amount of wakefulness progressively decreased, returning to control values by day 1 (Table 1) .
3.4 Effects of KA and OXC+KA on the head and body shakes KA administration produced a significant increase in the frequencies of the head and body shakes during the first two hours following drug administration ( Table 2) . Administration of OXC 30 min prior to kainic acid treatment reduced the frequency of head and body shakes to 42% of those of the KA group. The increase in head and body shakes observed seemed to be related to sleep behavior. The frequency of head and body shakes in animals began to decrease after the second hour (Table 2) .
Total 5-HT and 5-HIAA content in hippocampus
When the average concentration of monoamines (µg/g of tissue) was analyzed, the contents of 5-HT increased in KA group (p<0.05), but there was a more significant increase in the KA+OXC group (p<0.001; Fig. 1 ). In addition, there was a significant increase in the 5-HIAA content in the same group (p<0.01). The increase in serotonin and its metabolite levels was correlated to sleep behavior (p< 0.01, Fig 1) . Table 1 . Sleep parameters (mean ± S.E.M.) recorded over 10 h in rats treated with kainic acid (KA; 10 mg/Kg; n=10), with oxcarbazepine (OXC; 50 mg/kg, n=10) and with OXC+KA (n=10) for the treatment day and the two subsequent days. Data of the control group were obtained from the basal recordings in all the rats (n= 30). It is observed that animals treated with KA remained awake over the 10 hours of initial recording, immediately following drug administration. Abbreviations: W, total time spent in waking state; SWS, total time spent in slow wave sleep; PS, total time spent in paradoxical sleep. Statistical analysis was performed with one way ANOVA followed by Tukey´s test. Statistically different from control; *p≤0.01, ** p≤0.001. Table 2 . Effects of oxcarbazepine + kainic acid on the frequency of head and body shakes induced by kainic acid. Behavioral results are expressed as mean ± S.E.M. of n=7-12 independent experiments. *P<0.05, **p<0.01, statistically different from the kainic acid group. ANOVA followed by Dunnet´s test. Fig. 1 . Total content of serotonin (5-HT) and its metabolite 5-hydroxy-indol-acetic acid (5-HIAA) in the hippocampus. There was a significant increase in the concentrations of both 5-HT and 5-HIAA in the kainic acid (KA) and oxcarbazepine /KA-treated (OXC/CA) rats, in comparison with control (C). One-way ANOVA and pos hoc Tukey test *p≤0.05 **p≤0.01.
The 5-HIAA/5-HT ratio revealed that the metabolite 5-HIAA increased more than its precursor in both, the KA alone and the OXC+KA conditions (Fig 2) . Fig. 2 . 5-HIAA/5-HT ratio estimated in the hippocampus. The 5-HIAA/5-HT ratio was significantly increased in the kainic acid (KA) and oxcarbazepine /KA-treated (OXC/CA) rats compared to control (C). One-way ANOVA and pos hoc Tukey test *p≤0.05.
Total DA, NA and HVA content in hippocampus
When the average concentration of monoamines (µg/g of tissue) was examined, a significant increase in DA and HVA was observed for both the KA (DA, HVA: p<0.05) and the KA+OXC groups (DA: p<0.01, HVA: p<0.05). Moreover, this increase in catecholamine levels is related to sleep behavior. By contrast, the metabolite NA decreased significantly in both the KA and KA+ OXC groups (p<0.05) (Fig. 3) .
Discussion
Effects on sleep
As described previously in the rat model of t e m p o r a l l o b e e p i l e p s y , w e o b s e r v e d a significant KA-induced disorganization of the sleep-wakefulness cycle that involved both the SWS and PS phases (Alfaro et al. 2009 ). This suggests that such sleep inhibition and longtime insomnia is not only due to a physical effect of the immediate pharmacological action of KA, but also to an action that is exercised on the neurophysiological mechanisms that regulate the sleep-wakefulness cycle. It is also interesting, from a pathophysiological point of view, that the reduction of sleep that is induced by epileptic seizures did not produce a compensatory increase, as is normally observed with sleep inhibition that is produced by other means (Frank et al. 1997 ). Whereas our findings showed that OXC induces an increase in both sleep phases, CBZ has an inhibitory effect on PS (AlfaroRodríguez et al. 2002; Alfaro et al. 2009 , Ayala-Guerrero et al. 2002 . In contrast to CBZ, which had no effects on the sleep-wake cycle (Alfaro et al. 2009 ), animals treated with OXC adopted a sleep behavior through the observation period. Time sleep initiation (latency) decreased and mean duration and frequency are increased significantly in OXC treated animals. On the other hand, in OXC-pretreated animals, the frequency and duration of behavioral and electrophysiological manifestations of KA-evoked seizures decreased. Fig. 3 . Total content of dopamine (DA), noradrenaline and the dopamine metabolite, homovanilic acid (HVA) in the hippocampus. An increase in both the DA and HVA concentration was observed in the kainic acid (KA) and oxcarbazepine /KA-treated (OXC/CA) rats, when these groups were compared with Control (C). In contrast, NA was significantly decreased in both experimental groups. One-way ANOVA and pos hoc Tukey test *p≤0.05 **p≤0.01.
The neurochemical mechanisms of OXC might be mediated by promoting the activation of the monoaminergic systems, which contribute to the anticonvulsant activity of OXC. OXC activates endogenous DA and 5-HT leading to the activation of D 1 and 5-HT 1A receptors in the hippocampal region (Clinckers et al. 2005 ). This information is important because sleep is believed to contribute preferentially to the consolidation of explicit memories, which are thought to be encoded within the prefrontal-hippocampal circuit. Hippocampus-dependent declarative memory beneficiates particularly from SWS, whereas PS seems to benefit procedural aspects of memory (Kalia; 2006) .} Several researchers are currently trying to unravel the neurobiological relationships between epilepsy and sleep. After all, these phenomena often develop in the same vulnerable brain regions, and the importance of comorbid of sleep-wake cycle and epilepsy is an active area of research. Facilitation of central serotonin, dopamine and noradrenaline release seems to be associated with both anticonvulsant and sleep disorders effects (Shouse et al. 2001 ).
Effects of kainic acid on the hippocampus
The hippocampal formation is one of the most seizures-prone structures in the brain due to its defining characteristic; the presence of a tri-synaptic circuit of fibers. The reverberation of impulse activity in the hippocampal loop is suggested to cause and maintain epileptiformlike activity patterns (Stringer and Lothman, 1992) . Hippocampal cells are endowed with several voltage and ligand-gated conductances, which play a major role in the cells´ excitability. Blockage of GABAergic transmission has been consistently proven to precipitate seizures. It has thus been assumed that abnormal GABAergic neurotransmission may be related to epilepsy (Prince, 1978) . However, in vivo epilepsy can also be induced with exposure to an agonist of glutamate receptors, in a manner that may not be directly related to GABAergic mechanisms. One such agent is kainic acid, whose induced seizures are a well-established model of temporal lobe epilepsy, and KA-induced epileptic seizures reliably occur at the systemic dose of 10mg/kg used in this study. Khazipov & Holmes (2003) implicate GABA inhibitory mechanisms in the KA-induced emergence of synchronized epileptiform-like activity patterns in the hippocampus. Clinckers (2005) provided evidence that OXC and MHD led to an increase in the release of monoamines to the extracellular space. Thus, their anticonvulsant effects seem to depend upon the enhancement of endogenous DA and 5-HT transmission and the subsequent activation of D 2 and 5HT 1A receptors. In recent studies, OXC and its active metabolite (MHD) have been shown to exert important dopamine-and serotonin-promoting effects in the limbic area (Kovacs, 2008) . Therefore, in our study, we assumed that the OXC-induced decrease in seizures and increase in sleep was mediated by serotonergic and dopaminergic system. In a previous study (Clinckers, et al. 2005) , it was shown that hippocampal DA and 5-HT levels are critically involved in the anticonvulsant activity of OXC. Furthermore, this study suggested that the lack of effect after systemic administration might originate from the pharmacodynamic interactions with other brain areas which result in the suppression of hippocampal monoamine increases. In addition, it was also shown that the selective block of either the D 2 receptor or the 5-HT 1 receptor was able to completely abolish the anticonvulsant effects of OXC and MHD. These results indicate that activation of both receptor types is necessary for the anticonvulsant effects of OXC and MHD. We also found that 5-HT, 5-HIAA and DA were also increased, an effect possibly exerted by the alteration of the excitation-inhibition balance. In our results the increase of 5-HIAA suggests the active participation of 5-HT metabolism in the pattern of changes by KA and KA+OXC. Excitatory and inhibitory actions of DA have been reported in hippocampus (Barone, et al. 1991 Starr, 1996 . High DA concentrations enhance glutamate release via D 1 /D 5 receptor stimulation, while low concentrations reduce excitatory responses via D 2 receptors. Both excitatory and inhibitory hippocampal transmission can be reduced via receptor 5-HT 3 activation (Dorostkar & Boehm, 2007 ) . Additionally, hippocampal 5-HT reduces glutamate release by acting on presynaptic 5-HT 1A receptors (Mauler et al. 2001) . During selective 5-HT 1A blockade, 5-HT produces fast excitation probably mediated by 5-HT 2C receptors (Beck 1992) . Moreover, 5-HT inhibits GABA-ergic hippocampal interneurons via presynaptic 5-HT 1A receptors (Schmitz et al.1995a ). The inhibitory effect of 5-HT on glutamatergic transmission may therefore be partially counterbalanced by a 5-HT-mediated disinhibition of the principal hippocampal output cells (Schmitz et al.1998 ). However, in our results we found that the levels of catecholamines such as NA were decreased from the control values in both KA and KA+OXC groups. In contrast, HVA was a significantly increased in both groups. These results suggested an effect of OXC on the metabolism of catecholamines.
Relationship between monoamines and OXC and their effects on sleep and seizures
Effects of KA and KA/OXC on limbic seizures
It's known that KA produces neurochemical changes in monoamines (Bourne et al. 2001) . KA also produces alterations in the complex behavioral pattern known as "limbic seizures".
One of the components of this pattern, the head and body shakes, is frequently associated with the intensity of seizures (Sperk 1994) , increased levels of amine metabolites for both 5-HT and DA and the NA content after KA administration (Ben-Ari, 1981) . Other studies have demonstrated that 5HT is involved in the development of the wet dog-shakes, which is a response in rats and some other models that involves central 5HT activity (Osorio-Rico, 2003) . In these cases, the participation of 5HT that is induced by KA may cause toxic effects. Another report has shown the participation of D 2 dopamine receptors in the susceptibility of mice to kainic acid-evoked hippocampal cell death (Bozzi et al. 2000) . In our results we found that neurochemical changes produced as a consequence of KA administration involved increases in the levels of 5-HT, 5-HIAA and DA, HVA, and a decrease in the levels of NA. With the addition of OXC (KA/OXC group), there was an ever larger increase in all these systems, except for NA, which remained decreased. The increment in 5-HT and its metabolite together with the DA increment in the KA/OXC treatment mediate disinhibition of the principal hippocampal output cells probably induced by MHD, the active metabolite of OXC. The anti-convulsive effects of OXC are achieved by 5HT and other neurotransmitters, such as NA and DA, which generate SWS and the first minutes of PS. OXC significantly reduced motor seizures. The 50 mg/kg dose of OXC was also able to diminish the kainic acid-evoked body and head shakes (47%), as has been previously shown in studies (Landmark, 2007; Mclean et al. 1994 ). These results explain why, KA-induced seizures disappear within the third hour of OXC treatment, while in previous study using CBZ (Alfaro, et al. 2009 ) the seizures disappeared six hours after administration of treatment. Several anti-epileptic drugs such as OXC increase extracellular levels of DA and/or 5-HT in brain areas involved in epileptogenesis (Biggs et al. 1995; Southam et al.1998; Murakami et al. 2001 ). It is not clear whether these increases in monoamine levels have a direct anticonvulsant effect, contribute to the total anticonvulsant effect, or are just a drug sideeffect.
Mechanisms of action of OXC on ionic channels
Like CBZ, OXC and MHD are considered to exert their pharmacological effects by stabilization of Na + channels in a voltage-, frequency-, and time-dependent manner (Mclean et al. 1994; Malow et al. 1998) . They also block high-threshold Ca 2+ current (Akaike et al. 2001 ) and increase K + channel conductance (Malow et al. 1998) . The mechanism of action of OXC has been proposed to differ that of CBZ by the modulation of the Ca 2+ channels (Calabresi, 1995; Wellinton & Goa, 2001) , although the study by Sitges, et al. (2007) does not show remarkable differences between the inhibition exerted by the older and newer anticonvulsants on channel-mediated release of glutamate evoked by high K + . The effect of OXC appears to be related to the dose and to the serum concentrations of MHD. In general, daily fluctuations in MHD concentration are relatively slight, smaller than would be expected from the elimination half-life of the compound. Therapeutic monitoring may help to decide whether adverse effects are dependent on MHD concentrations (May, et al., 2003) .
Conclusions
We, therefore, believe that the effects of OXC and MHD on hippocampal monoaminergic transmission are contributors to the anticonvulsive effects of these compounds.
